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RNA–protein interactions are involved in many cellular
processes, including information storage and transfer, catal-
ysis and transcriptional activation. Our structural knowl-
edge of these interactions at atomic resolution is based on
X-ray crystallographic and nuclear magnetic resonance
(NMR) studies (for a review see [1]). The crystal structures
of a number of RNA–protein complexes have been
reported, including those formed between three amino-
acyl-tRNA synthetases and their cognate tRNAs, the
RNA-binding domain of the U1A ribonucleoprotein and its
target RNA sequence, and the bacteriophage MS2 coat
protein and a specific RNA operator fragment. The NMR
studies have been of small RNAs bound to individual
amino acids or peptides.
The life cycles of lentiviruses such as human and bovine
immunodeficiency viruses (HIV and BIV, respectively)
are punctuated by critical RNA–protein interactions. A
transactivating protein (tat) stimulates transcription of the
integrated provirus by interacting with the transactivation
response region (TAR) of the transcribed mRNA. The
recognition sites of both tat and TAR from various
lentiviruses share common features. A basic arginine-rich
peptide of 10–20 amino acids forms the RNA-binding
motif of tat. This peptide binds specifically and with high
affinity to a stem–loop structure of the TAR RNA. Solu-
tion studies have highlighted the importance of a single
arginine residue in the specific interaction between HIV
tat and TAR. Mutational analyses and footprinting experi-
ments have shown that BIV TAR base pairs G11:C25,
G14:C23 and C15:G22, as well as a bulged-out nucleotide
U10, are important for binding [2,3].
Recently, two groups have independently determined
NMR structures of the BIV tat RNA-binding domain —
residues 68–81 in one study [4], and 65–81 in the other [5]
— complexed with the BIV TAR RNA hairpin loop.
Although refined using a significantly different number of
NMR restraints — the interatomic distances derived from
the NMR data that are used to build a model structure —
the two structures are globally in agreement, and the spec-
ific interactions seen in the complex explain the in vitro
and in vivo mutagenesis data that are currently available.
The structure reported by Puglisi and co-workers [4] has
established the general principles of the interaction,
whereas the structure published by Patel’s group [5] adds
significant details.
The structure of BIV TAR consists of two stem regions,
separated by two bulged nucleotides, and a loop of four
nucleotides (Fig. 1a). In the free RNA, the bulged U10
residue is stacked between the G9:C26 and G11:C25
base pairs. Upon complex formation, U10 unstacks and
the upper stem (G11:C25 to U16:A21) stacks upon the
lower one (G4:C31 to G9:C26). A continuous A-type
helix is then formed, which extends from G4:C31 to
U16:A21. Protein-induced conformational changes, which
involve unstacking of bases to achieve specific recogni-
tion, have been reported for other unrelated structures,
including complexes between aminoacyl-tRNA syn-
thetase and tRNA [6,7], and between U1A RNA and
U1A protein [8]. Like the first bases of the U1A hairpin,
bases of the tRNAAsp anticodon loop stack on each other
Figure 1
(a) Sequence and secondary structure of BIV TAR RNA. Nucleotides
that form the base triple are shown in green. (b) Amino-acid sequence
of BIV tat peptide. Residues important for binding and discussed in the
text are shown in red.
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in the unliganded state. In the liganded state, unstacking
of these bases is stabilized by intermolecular hydrogen
bonds.
The U10 residue of TAR RNA sits in the major groove
and forms a base triple with the Watson–Crick A13:U24
base pair (Fig. 2). This additional RNA–RNA interaction,
previously seen in a pyrimidine–purine–pyrimidine DNA
triple helix, buttresses the helix and stabilizes the confor-
mation of the bound RNA. The U12 residue is located on
the minor groove side and loops out into the solvent. As a
result, the helical parameters in the vicinity of the bulge
are modified. The major groove, which is deep and narrow
in a standard A-form helix, widens significantly (the dis-
tance between phosphorus atoms of G11 and C21 is 16.0 Å
instead of 10.5 Å), solving the problem of its accessibility.
The helix bends by 40° towards the A21-C31 strand into
the major groove. As observed in many DNA–protein com-
plexes, the bend results from localized variations of the roll
angles at the C8:G27/G9:C26 and G9:C26/G11:C25 steps,
and of the twist angle at the G9:C26/G11:C25 step. In con-
trast with the situation observed in the kinked RNA
duplex (U(UA)6A2)2 [9], or in protein–DNA complexes
where the double-stranded stem is distorted (see [10] for
an overview of DNA bending), bending occurs at the
bulged site where tertiary interactions are made.
When complexed to TAR, the tat peptide adopts a
b-hairpin conformation, a postulated motif for minor
groove interactions with RNA [11]. The two anti-parallel
segments — Gly71–Thr72–Arg73 and Arg77–Arg78–Ile79
— are connected by a sharp turn (type I′) and penetrate
the widened major groove of the RNA, specifically
contacting otherwise inaccessible base pairs. The use of a
b-sheet in protein–nucleic acid complexes is now well
documented. Several RNA-binding proteins, such as
U1A, aspartyl-tRNA synthetases and the MS2 coat
protein [12], use a b-sheet to contact their partners.
However, in these proteins the b-sheet provides a
solvent-exposed surface on which the flipped-out bases
of an RNA hairpin can lie. 
A mode of interaction similar to the one observed in the
tat–TAR complex has been reported for the MetJ and Arc
repressor–operator protein–DNA complexes [13,14],
where a double-stranded anti-parallel b-ribbon recognizes
the major groove of B-form DNA without important
conformational changes of the DNA molecule. On the
contrary, the major groove of canonical A-form RNA
molecules is not easily accessible, and significant widen-
ing is necessary to accommodate the insertion of sec-
ondary structure elements. The acceptor stem of tRNAAsp
is also approached from the major groove side, but in this
case, the interaction with the major groove is made possi-
ble by the increased accessibility of the bases at the end
of the helix.
The tat–TAR recognition at the molecular level relies on a
set of intermolecular hydrogen bonds and Van der Waal’s
interactions. Three glycines, three arginines, an isoleucine
and a threonine residue play an important role in binding,
and mutation of these amino acids prevents complex for-
mation. The glycine residue at position 76 plays a struc-
tural role and assists turn formation. The glycines at
positions 71 and 74 are in close contact with RNA.
Because of steric hindrance, a side chain cannot be accom-
modated at these positions. The side chain of Ile79 makes
a hydrophobic contact with the aromatic ring of U10 and
stabilizes the U10–A13:U24 base triplet.
The high number of basic residues favors electrostatic
interactions with the negatively charged phosphate back-
bone. In addition, arginine residues at positions 70 and 77
make specific hydrogen-bond interactions with the major
groove side of G14 and G9, respectively. Of particular
interest is the arginine–guanine–phosphate interaction
seen between the guanidinium group of arginine 73, the
major groove edge of G11 (O6 and N7 atoms) and a phos-
phate oxygen. Analogous arginine–guanine interactions,
stabilized by an additional hydrogen bond with an acidic
amino acid, have been seen in the Zif268 zinc
finger–DNA complex [15]. In TAR RNA, the backbone
atoms orient the arginine side chain, and play a role similar
to that of the acidic side chain of Zif268.
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Figure 2
Ribbons representation of the complex between BIV TAR RNA and tat
peptide. The peptide (shown in pink) penetrates the widened major
groove of the RNA (shown in blue). Side chains of arginine 73 and
isoleucine 79 are shown in red. Nucleotides that form the base triple
are shown in green. (Graphics program provided by M. Carlson).
The database of RNA–protein interactions has increased
dramatically over the past few years. Although our knowl-
edge is still limited, and does not permit delineation of a
precise recognition code, some general features have
emerged. Firstly, the conformational flexibility, rather than
a pre-defined shape, of the RNA molecule is important for
RNA-mediated functions. In many cases, the protein rec-
ognizes a conformation different from that of unbound
RNA. Secondly, RNA–protein and DNA–protein com-
plexes can share common features. The complex between
the TAR and tat is an example, showing how a similar
protein scaffold can be used for recognition of RNA, as in
this case, or of DNA, as in the case of the Met and Arc
repressor–operator complexes. The two partners are ori-
ented by hydrophobic packing contacts with bases as well
as electrostatic interactions with the phosphate backbone
which allow a direct readout of nucleic-acid sequences by
protein. Thirdly, unlike DNA, which is normally double
stranded, RNA forms secondary structures, such as hairpins
or bulges. These structural motifs participate directly or
indirectly in the recognition process.
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